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Semiconductor-superconductor hybrids are widely used for realising complex quantum phenomena
such as topological superconductivity and spins coupled to Cooper pairs. Accessing exotic regimes
at high magnetic fields and increasing operating temperatures beyond the state-of-the-art requires
new, epitaxially matched semiconductor-superconductor materials. The challenge is to generate
favourable conditions for heterostructure formation between materials with the desired inherent
properties. Here, we harness increased knowledge of metal-on-semiconductor growth to develop InAs
nanowires with epitaxially matched, single crystal, atomically flat Pb films along the entire nanowire.
These highly ordered heterostructures have a critical temperature of 7 K and a superconducting gap
of 1.25 meV, which remains hard at 8.5 T, thereby more than doubling the available parameter space.
Additionally, InAs/Pb ‘island’ devices exhibit magnetic field-driven transitions from Cooper pair to
single electron charging; a pre-requisite for use in topological quantum computation. Introducing
semiconductor-Pb hybrids potentially enables access to entirely new regimes for an array of quantum
systems.
The development of high-quality semiconductor-
superconductor heterostructures underlies the pursuit of
new types of quantum bits based on exotic physics aris-
ing at the hybrid interface1–9. Aside from the ability to
host novel two-level systems10–14, when the underlying
materials exhibit strong spin-orbit coupling, a high g-
factor and ‘hard gap’ induced superconductivity15, they
are ideally suited for supporting topological supercon-
ductivity under applied magnetic field1,3–6,14,16–18. Sig-
natures of topological superconductivity in these systems
have been studied almost exclusively using InAs or InSb
as the semiconductor and Al and Nb(TiN) as the su-
perconductor, with the large spin-orbit coupling and g-
factor ensuring the suitability of these semiconductors1.
By contrast, there is strong interest in improving the su-
perconductor material to broaden the scope of hybrid
applications8,19,20, since Al has a relatively low critical
temperature, TC and field BC
15, while the soft gap of
Nb-based hybrids has thus far prevented isolated hybrid
segments supporting Cooper pair charging8,18,19,21,22;
a crucial requirement for topologically protected qubit
schemes23. The main goal is therefore development of
epitaxial hybrids exhibiting a large, hard gap resilient to
high magnetic fields and elevated temperatures8,19,20.
In this article we present hybrid nanowires utilising
Pb as the superconductor, which possesses the highest
bulk TC and BC of all elemental type-I superconductors,
vastly extending the hybrid parameter space. We de-
posit the Pb films without breaking vacuum after InAs
nanowire growth2,19,20,24, and ensure carefully controlled
conditions which promote strong thermodynamic driving
forces towards single crystal formation. From transmis-
sion electron microscopy (TEM) we find a low energy do-
main match, as expected from modelling of the InAs/Pb
interface, which enables the growth of an atomically flat
single Pb crystal along the entire nanowire facet. All
previous semiconductor-superconductor nanowire het-
erostructures exhibited axial grain boundaries and/or
polycrystallinity2,8,19,20,24. The single crystal Pb sup-
presses the potential for impurity-generated disconti-
nuity of the hybrid wavefunction6, which may oc-
cur in granular films8,19,20,24. Further, the theoreti-
cal description used to optimise the epitaxial structures
through consideration of thermodynamic driving forces
and structural factors leads to increased understanding
of metal/semiconductor epitaxy. The epitaxial InAs/Pb
structure yields a hard induced superconducting energy
gap of ∆ ∼ 1.25 meV, corresponding TC ∼ 7 K, and
BC exceeding 8.5 T, the highest reported values for
epitaxial semiconductor-superconductor hybrids. In ad-
dition, InAs/Pb ‘island’ devices support Cooper pair
charging due to the hard gap. At finite magnetic field,
this evolves into single electron transport through a hy-
brid bound state8,18,19,21,22,25; a crucial feature in the
context of topological quantum computation. The epi-
taxial structure and dramatic enhancement of the ac-
cessible parameter space represented by InAs/Pb hy-
brids make them prime candidates for use in a wide
range of semiconductor-superconductor hybrids based
on nanowires3,6,10–12, selective area grown networks26,27,
and planar heterostructures28,29. Further, Pb possesses
features that distinguish it from other elemental super-
conductors, such as two-band, strong-coupling supercon-
ductivity and a large spin-orbit coupling, which may lead
to the emergence of new phenomena in semiconductor-
superconductor physics1,9,10,12,14,30,31.
INAS/PB EPITAXY
Aside from the attractive physical properties, the
choice of Pb was based on analytical considerations of the
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2FIG. 1. InAs/Pb bi-crystal interfacial match. a, Scanning electron micrograph of an InAs nanowire with a 10 nm Pb thin
film on two facets. Inset shows a HAADF STEM micrograph of a cross-sectioned InAs/Pb/Si heterostructure. b, Simulated
relaxed bi-crystal match between InAs (blue, green) and Pb (red) viewed normal to the nanowire facet. c, Selected area
electron diffraction pattern of an entire nanowire along the [112¯0]/[112¯] direction. Pb diffraction peaks are marked with red
semi-transparent circles. d, Atomic resolution HAADF STEM micrograph of the InAs/Pb interface along the [112¯0]/[112¯]
direction parallel to the nanowire facet. Simulated relaxed bi-crystal interfacial match overlayed and marked with a white box.
e, HAADF STEM micrograph along the [0001]/[11¯0] direction of the corner between two adjacent facets, highlighted with white
dotted lines. Two single Pb crystals are connected by a wedge shaped single crystal (false coloured blue). f, Atomic resolution
HAADF STEM micrograph of the InAs/Pb interface viewed along the transverse direction as in e. Theoretically relaxed bulk
bi-crystal interfacial structure superimposed on interface.
3FIG. 2. Pb thickness dependent morphology. Pb grown on two facets of the InAs nanowires masked by adjacent nanowires.
a,c and e show surface sensitive SEM micrographs of 15 nm, 30 nm and 60 nm in-situ deposited Pb films, respectively. The
micrographs have the same scale shown in a. b,d and f present LR-TEM micrographs of same thicknesses and same scale
shown in b. g HR-TEM micrograph of the terminating layer of a 15 nm thin film marked with a red square in b.
central stages in metal film growth on different semicon-
ductor nanowires. To do this, we theoretically assessed
structural stability in combination with estimates of the
interplay between the four contributions to the overall
excess energy, which determine the thermodynamic driv-
ing forces and kinetic limiting factors. A full description
is given in Supplementary Section 1 and an additional 12
elemental superconductors on InAs nanowires are theo-
retically studied in Supplementary Section 2. For low
temperature depositions (T < 150 K) it is energetically
favourable for Pb to grow in a single crystallographic
orientation with respect to InAs. Combined with the
high grain boundary mobility of Pb, this suggests that
growth of Pb on InAs would result in large crystals with
an epitaxial match to the nanowire. In contrast, epitax-
ial Al grows in 2 or 4 orientations on InAs depending
on thickness2, and other superconductor materials em-
ployed so far feature no long-range order8,19,20,24, consis-
tent with our findings in Supplementary Section 2. These
findings suggest Pb as the optimal elemental supercon-
ductor material to combine with InAs. Although we fo-
cus on InAs/Pb nanowires in this article, we note that Pb
will likely match well to other semiconductors (see Sup-
plementary Section 3.1), and our results should trans-
late to planar heterostructures28,29 and selective area
grown networks26,27. Further, the framework presented
in Supplementary Section 1 is instructive in developing
the range of semiconductor-metal epitaxial structures.
Figure 1a shows a scanning electron microscope (SEM)
micrograph of a hexagonal InAs nanowire with Pb de-
posited on two facets. The wurtzite InAs nanowires were
grown along the {0001} direction using molecular beam
epitaxy (MBE), with flat {11¯00} facets. The hexago-
nal morphology was optimised as outlined in Methods
and Supplementary Section 3. After the nanowires were
grown the wafer was transferred without breaking ultra-
high vacuum to a second chamber where the substrate
was placed on a liquid nitrogen cooled substrate holder,
T ∼ 120K, for several hours, before Pb was deposited
using e-beam evaporation19,20,24. The inset in Figure
1a shows a low magnification high angle annular dark
field scanning transmission electron microscope (HAADF
STEM) micrograph of a cross-sectioned InAs/Pb/Si het-
erostructure. Figure 1a shows the modeled relaxed
hetero-epitaxial match along {11¯00}(InAs)/{111} (Pb)
directions and the arrows indicate the axial and trans-
verse direction. Figure 1c shows a selected area electron
diffraction (SAED) pattern of an entire nanowire, ori-
ented along the {112¯0}/{112¯} direction parallel to the
nanowire facet. Notably, only one Pb orientation rela-
tive to the InAs nanowire facet is observed (red circles),
confirming the theoretical hypothesis that a Pb thin film
forms a single crystal along an entire nanowire facet.
Figure 1d shows a high resolution (HR) HAADF
STEM micrograph of the InAs/Pb interface where the
orientation is similar to that of Fig. 1c. The inset in
Fig. 1d shows how the theoretically predicted strain re-
laxed hetero-epitaxial match fits to the observed inter-
4face. From this, a particularly small bi-crystal interfa-
cial domain is found along the {0001}/{11¯0} nanowire
growth direction, with two planes of Pb for each plane
of InAs and a bulk residual mismatch of only 0.35%.
From HR TEM investigations of the entire nanowire
length no edge-dislocations were found, indicating that
the small strain needed to obtain the epitaxial domain
is absorbed. Figure 1e presents a HAADF STEM micro-
graph of the cross-sectioned InAs/Pb nanowire shown in
Fig. 1a (inset). The two grains (I, II) form single crys-
tals along their entire nanowire facet, and are merged by
a wedge-shaped single-crystalline domain, false coloured
blue. The inset in Figure 1e shows how the wedge-
shaped grain accommodates two coherent grain bound-
aries and thus reduces the grain boundary energy be-
tween the single I and II crystals. Strain in InAs and
Pb along the transverse direction is observed by com-
paring the STEM micrograph and the predicted strain
relaxed hetero-epitaxial match in Figure 1f. By utilizing
the average [11¯00] plane spacing as a scale to measure
the relative stress in the structure, Pb along the [112¯]
direction was measured to be compressively strained ∼
1.7 % whereas InAs along [112¯0] direction was found to
be tensile strained ∼ 0.7 %. Assuming that the InAs
[11¯00] planes are not heavily influenced by the interface,
the compressed Pb and expanded InAs indicate that the
transverse bi-crystal interfacial match seeks a domain of
two interface planes of InAs for three planes of Pb. More
detail is provided in Supplementary Section 3. The pre-
sented single crystal nature and epitaxial relation relative
to the InAs nanowire facets was found for all investi-
gated Pb thicknesses (5-60 nm) and Pb thus appears ro-
bust against stress driven terms such as incoherent grain
boundaries.
To study the Pb film morphology, surface sensi-
tive scanning electron microscopy (SEM) micrographs
of InAs/Pb hybrids are shown in Figs 2a,c,e for 15,
30 and 60 nm Pb films, respectively. Patterning of
the Pb coatings was implemented to enable compara-
tive analysis of core/shell morphology and achieved by
adjacent nanowires acting as shadow masks during Pb
deposition8,32,33. Figure 2b,d,f show bright field TEM
micrographs for the different Pb thicknesses, and Fig. 2g
shows a HR TEM micrograph of the terminating planes
of a 15 nm film of Pb marked with a red square in Fig. 2b.
The Pb morphology is continuous and atomically flat for
most of the investigated film thicknesses (10 nm - 30 nm).
However, above a critical thickness (in our case ∼ 50 nm),
dependent on the growth conditions, the surface becomes
more rough (Fig. 2e). In Fig. 2f, bending contours and
contrast changes are observed, indicative of strain fields
in the Pb film. This may be caused by the increased
strain imposed by the grain boundaries between the ad-
jacent facets or a slight bending of the nanowires, likely
due to either thermal expansion coefficient differences or
axial strain2,20.
Obtaining a single crystal superconductor on a single
crystal semiconductor is critical for hybrid and topolog-
ical applications to ensure that each end of e.g. the
topological system coincides with the geometrically de-
fined end of the superconducting segment, rather than
at an impurity6. Achieving the structures presented here
required detailed understanding of how to control and
promote epitaxial growth, via thermodynamic and grain
growth kinetics considerations. We focus specifically on
Pb, with more general explanations provided in Supple-
mentary Section 1-3. The aim during the initial phase
of Pb thin film growth is to promote layer-by-layer-like
growth. For island growth this is achieved by decreasing
the critical cluster size and thereby increasing the initial
concentration of critical clusters34. Experimentally, this
was done by lowering the substrate temperature and in-
creasing the material flux. After the initial clusters have
been established they start to grow. In this phase, in-
terface and strain energy may result in recrystallization
of the clusters in a kinetically limited process due to the
thermodynamic driving forces. In a later stage the clus-
ters start to impinge and coalesce into a single crystal,
which is now strongly dependent on the main contribu-
tions to the overall excess energy35,36. We find that it is
especially important to have very well defined nanowire
facets to decrease the interface and strain energy (Sup-
plementary Section 1.1). The micrographs in Figs 2a,c
suggest that after a continuous film of Pb has grown,
the growth switches to layer-by-layer mode. Here, small
islands on the completed atomically flat layer act as nu-
cleation sites for the next layer. Upon warming to room
temperature and subsequent exposure to oxygen there
is a chance that the Pb thin film dewets since it grows
far from thermodynamic equilibrium37. We find that the
film morphology is improved when the substrate remains
on the cold holder for approximately 10 hours after ter-
minating growth. Dewetting and oxidiation of Pb thin
films may also be prevented by growing a capping layer
with a lower dewetting probability.
TUNNELING SPECTROSCOPY OF INAS/PB
JUNCTIONS
Having obtained the highly ordered epitaxial InAs/Pb
heterostructures, we expect hard gap superconductivity
with the inherited properties of the Pb film15. To char-
acterise this we performed electron transport measure-
ments on normal metal-superconductor (NS) tunnel junc-
tions with the device geometry shown in Fig. 3a. Prior
to normal metal contact deposition, the Pb was selec-
tively etched using H2O, such that a bare InAs segment
remained between the normal metal and superconduc-
tor (Methods and Supplementary Section 5). This seg-
ment acts as a tunnel barrier, tunable using side-gate
voltage VG
3,15. Figure 3b shows differential conduc-
tance, g, normalised to the normal state conductance,
gN = g|VSD=2mV, as a function of source-drain bias volt-
age VSD at zero magnetic field (red) and finite parallel
magnetic field, B‖ = 7.5 T (blue). The strong g sup-
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FIG. 3. Hybrid InAs/Pb tunnel spectroscopy. a,
False coloured SEM micrograph showing the InAs/Pb hybrid
nanowire tunnel spectroscopy device with Ti/Au contacts and
gates (yellow), Pb (red) and bare InAs nanowire segment
(grey; also indicated by white arrow). The measurement cir-
cuit consists of source-drain bias VSD, measured current I,
and the gate voltage VG, used to control the tunnel barrier.
b, Differential conductance, g, normalised to the normal state
conductance, gN = g|VSD=2mV, as a function of VSD, showing
100-fold conductance suppression within ± ∆ ∼ 1.25 meV at
B = 0 (blue) and ± ∆ ∼ 1.1 meV for B‖ = 7.5 T (red). c, g
as a function of VSD and parallel magnetic field, B‖, showing
the persistence of highly suppressed conductance until 8.5 T.
Dashed white lines serve as guide to the eye. d, g as a function
of VSD recorded at increasing T from 0.02 to 7.5 K.
pression observed for |VSD| < 1.25 mV reflects the super-
conducting energy gap, ∆, in the single-particle density
of states of the InAs/Pb nanowire. The 100-fold sup-
pression is similar to the hard superconducting gaps re-
ported in III/V nanowires with epitaxial Al15,25,33, poly-
crystalline Sn8 and amorphous Ta19, albeit here with
a much larger ∆. Gate voltage-dependent bias spec-
troscopy (Supplementary Section 4.1) shows that the gap
is highly robust in VG, excluding the possibility that the
features attributed to ∆ in Fig. 3 are due to e.g. Coulomb
blockade.
The evolution of the superconducting gap in a parallel
magnetic field, B‖, is shown in Fig. 3c. The gap remains
hard over the entire 8.5 T range accessible in our cryo-
stat, highlighted by the blue trace in Fig. 3b. The above-
gap resonances likely arise from device-specific states in
the tunnel barrier. Figure 3d shows the temperature-
dependence of the superconducting gap. As tempera-
ture, T , is increased, ∆ decreases and the edges broaden,
up to the critical temperature TC ∼ 7 K. Notably, the
gap remains hard at T = 1.5 K, and is still promi-
nent at T = 4.5 K. The values for ∆, TC and BC of
the hybrid InAs/Pb nanowires are each more than four
times larger than for state-of-the-art Al-based hybrid
devices7,15,19,25,33, and exceed the metrics reported for
InSb/Sn hybrids8. The dramatic increase in parame-
ter space in terms of ∆, TC and BC opens the possibil-
ity of performing semiconductor-superconductor hybrid
measurements at kelvin temperatures and in entirely new
transport regimes38.
COULOMB BLOCKADE SPECTROSCOPY OF
INAS/PB ISLANDS
Essential requirements for semiconductor-
superconductor heterostructures in the context of
topological qubit development are for isolated hybrid
segments – ‘islands’ – to host quantised charge in units
of 2e, and the observation of single electron transport
through bound states in finite B‖8,18,21–23,25,39. Fig-
ure 4a shows an InAs/Pb island device, with the Pb
selectively removed at either end and contacted by
Ti/Au. The side gates control the island-contact cou-
pling and the middle gate adds charge in discrete units.
Spectroscopic operation is demonstrated in Fig. 4b, with
g plotted versus VSD and VG, revealing periodic Coulomb
diamonds due to the sequential addition of charge in
units of 2e with an addition energy of ∼ 1.8 meV,
which corresponds to 8EC = (2e)
2/C21. The regions
of negative differential conductance below ∆ indicate
the onset of long-lifetime quasiparticle tunneling18,21,22.
For |VSD| > 1.2 mV, the Coulomb diamond periodicity
doubles in VG, since above-gap quasiparticle states
support 1e-periodic transport.
The 2e-periodicity for e|VSD| < ∆ in hard gap hybrids
arises due to the odd charge states being lifted in en-
ergy by ∆ compared to even charge states (Fig. 4c, top
panel inset). For soft gap hybrids40,41 the finite density
of states within the gap may enable single electron tun-
neling and 1e-periodicity at zero bias. The importance
is that proposed topological qubit architectures rely on
magnetic field induced zero energy bound states23, and
the topologically-protected qubit operation potentially
offered by these devices is obviated if soft-gap states are
present. Therefore, observing both zero-field 2e-periodic
transport and bound-state-induced 1e-periodic transport
are highly important steps in hybrid material develop-
ment.
The magnetic field dependent behaviour of our
InAs/Pb island was studied using a gate voltage con-
figuration giving a smaller addition energy of ∼ 1.2 meV
(Fig. 4c). At B‖ = 0 (top panel), 2e-periodic charging
is observed below ∆. Increased B‖ = 1.1 T (Fig. 4c
middle panel) causes a bound state to move towards
zero energy6,18,21,22, and fall below EC. Odd-state oc-
cupation is now enabled (Fig. 4c middle panel inset),
with the differing even/odd charging energies produc-
ing parity-dependent, even/odd spacing of Coulomb di-
amonds. Further increasing B‖ = 1.8 T (lower panel)
brings the bound state close to zero energy.
Figure 4d presents the B‖-dependence of g versus
VG at zero bias, corresponding to the data in Fig. 4c.
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FIG. 4. Hybrid InAs/Pb island. a, Schematic of a hybrid
island device. Source, drain and superconducting island are
denoted S, D and SI, respectively, with the black electrostatic
gates used to control single electron (or Cooper pair) tun-
nelling events, illustrated by the arrows. False coloured elec-
tron micrograph of a InAs/Pb island device featuring Ti/Au
contacts and gates (yellow), etched Pb segment (red) and
narrow bare InAs segments (grey). Scale bar is 500 nm.
b, g vs VG and VSD showing Coulomb diamonds with spac-
ing proportional to 2e (1e) for |VSD| less than (greater than)
∆/e ∼ 1.2 mV, indicative of Cooper pair (single electron)
charging. c, g vs VSD and VG forB‖ = 0, 1.1, and 1.8 T. Insets:
Island energy, E, as a function of normalised gate voltage, NG.
Black (red) parabolas indicate even (odd) ground state ener-
gies, Eeven and Eodd. Top panel: Cooper pair charging en-
ergy, 4EC < Eodd. Middle panel: 0 < Eodd < 4EC. Bottom
panel: Eeven = Eodd = 0. d, Zero-bias conductance as a func-
tion of VG and parallel magnetic field. Coulomb resonances
split from a regular 2e spacing (4EC < Eodd), to even/odd
(0 < Eodd < 4EC) to a regular 1e spacing (Eeven = Eodd = 0)
as a function of parallel magnetic field. Inset: Conductance
plotted on logarithmic scale (log10(g)) to increase visibility of
the low magnetic field behavior.
The 2e-periodic peaks split with increasing B‖ — high-
lighted in the inset by the logarithmic greyscale plot
— with varying even/odd spacing (see Supplementary
Fig. 13). The peak intensity asymmetry between even
and odd peaks can be attributed to a difference in
the electron-like and hole-like components of the bound
states8,21,42. These data indicate the emergence of a
zero energy hybrid bound state in the InAs/Pb island,
consistent with the charging model presented in the in-
sets of Fig. 4c, and previous experiments using Al- and
Sn-based hybrids8,18,19,21,22,26. This demonstrates that
InAs/Pb hybrids meet the criteria necessary for sustain-
ing topological superconductivity. Future work including
e.g. island-length-dependent studies18,22 or demonstra-
tions of braiding23 will contribute to increased under-
standing towards this goal.
DISCUSSION
The formation of a flat, epitaxially matched single
crystal along the entire nanowire confirms the expecta-
tions from theoretical considerations of thermodynamic
driving forces and structural stability of Pb on InAs.
The framework used to investigate elemental supercon-
ductor growth on semiconductor nanowires can be ex-
tended to other metals and semiconductors, providing
increased scope for development of metal/semiconductor
epitaxy. In addition to the structural perfection, the
epitaxial InAs/Pb hybrids provide a large and hard in-
duced superconducting gap, with corresponding high
TC and BC, offering a greatly extended experimental
parameter space compared to current state-of-the-art
materials.1,7,8,15,19,24,33
The observation of 2e-periodicity and bound-state-
induced 1e-periodic transport in an InAs/Pb island rep-
resents an important step in the development of large ∆,
high BC topological qubits
8. Moreover, implementing Pb
in future devices may benefit from the strong intrinsic
spin-orbit coupling of this heavy element superconduc-
tor, which has been used to induce spin-orbit coupling by
proximity in, e.g., graphene43,44 and ferromagnets45,46.
In the regime of stronger spin-orbit interaction one could
potentially avoid the negative aspects of the predicted
metallisation effect in Al based devices47, where the
superconductor-semiconductor coupling increases the in-
duced gap, while decreasing the desired spin-orbit inter-
action. Finally, recent scanning probe experiments on
Pb-based topological systems46,48 can be complemented
by exploring the strongly-coupled, two-band49 supercon-
ducting nature of Pb in novel hybrid devices.
METHODS
The InAs nanowires were grown in a two step growth-
process in a solid-source molecular beam epitaxy sys-
tem. The nanowires were catalysed from electron-
beam-lithography-defined Au particles and grown via the
vapour-liquid-solid method. In the first step, InAs was
grown axially for 30 minutes along the (111)B direc-
tion using As4 and a substrate thermocouple temperature
(Tsub) of 447
◦C, resulting in nanowire lengths ∼ 7 µm.
Growth was then interrupted to increase the As cracker
7temperature from 500◦C to 800◦C, yielding As2, and the
substrate temperature was lowered to (Tsub) to 350
◦C
over 20 minutes. The second growth step proceeded un-
der these conditions, radially overgrowing the nanowires
for 30 minutes.
After nanowire growth, the substrate was transferred
to an attached chamber with a precooled stage without
breaking ultra high vacuum (pressures ∼ 10−10 Torr).
The substrate was mounted on the cold substrate stage
for 3 hours before any subsequent metal deposition to en-
sure a stable temperature (Tsub) of∼ 120 K. We note that
less time on the cold substrate holder is preferred due
to the possible unwanted deposition of foreign materials
from the system. To enforce in-situ nanowire masking
and only two facet depositions, as shown in Figs 2a,c,e,
the wafer was aligned relative to the pre-defined nanowire
array. Pb was deposited with a shallow angle and rate
(3 A˚s−1) using electron beam evaporation. After the
metal deposition the substrate was kept cold on the sub-
strate holder for more than 10 hours to limit dewetting,
and produced films with flatter morphology.
SEM micrographs were produced by combining sig-
nals from the surface sensitive secondary electron detec-
tor and the atomic weight sensitive backscatter electron
detector since Pb forms a flat film which is only seen
clearly when using an atomic weight sensitive technique.
STEM images were acquired using an FEI Titan 80-300
TEM equipped with a probe Cs corrector and operated
at 300 kV. HAADF STEM images were taken with a
beam convergence semi angle of ∼ 17.5 mrad. The inner
and outer collection semi angle of the HAADF detector
was set to 54 and 270 mrad, respectively. Cross sec-
tion specimens of the nanowires were prepared using an
FEI Versa 3D focused ion beam scanning electron mi-
croscope (FIB SEM), following Pt deposition to protect
the nanowires. A final polish of the TEM specimens in
FIB SEM with a 2 kV and 27 pA ion beam was used to
minimize the damage caused by the Ga ion beam. The
micrograph in Fig. 1d was produced by drift correcting
and summing the amplitude of 100 HR HAADF STEM
micrographs with a short acquisition time. The STEM
micrographs in Figs 1e,f were noise reduced by removing
the Fourier spectrum background amplitude. The struc-
tural simulation of the hetero-epitaxial interface in Fig. 1
was performed using the software program Vesta50.
Devices (Figs 3 and 4) were fabricated using electron
beam lithography and lift off techniques, with Ti/Au (5
nm/250 nm) thin films for contacts and gates. H2O
(MilliQ with resistivity ρ > 15 MΩ) was used as a se-
lective etchant to remove Pb from the semiconductor
surface, and Ar+ milling used prior to contact deposi-
tion to remove native InAs oxides. Full details are given
in the Supplementary Information. Standard voltage-
biased lock-in techniques were used to measure the con-
ductance of the devices in a dilution refrigerator with a
base temperature of 25 mK. Prior to collecting the pre-
sented data on island devices (Fig. 4), the cross-coupling
of the gates was measured. To collect the presented data,
the gates were swept simultaneously according to the
measured proportionality factors to ensure that VG only
altered island occupation and did not appreciably alter
the island-lead coupling, or the chemical potential of the
InAs segments.
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